G lioblastoma (WHO Grade IV) is the most aggressive and most common type of primary brain tumor. The current treatment options depend on patient-specific factors such as the location and size of the glioma, patient age, symptoms, and neurological sta-tus. Treatment includes surgery, radiation therapy, and/or chemotherapy. The role of surgery has been debated for decades; however, modern guidelines 41 recommend primary surgical removal provided that neurological function is preserved. 37 aBBreViatiOnS BraTumIA = brain tumor image analysis; CET = contrast-enhancing tumor; CRET = complete resection of the enhancing tumor; EOR = extent of resection; MPR = multiplanar reconstruction; PRET = partial resection of the enhancing tumor; RTV = residual tumor volume; T1w = T1-weighted; T2w = T2-weighted; W = Kendall's coefficient of concordance.
A growing body of evidence indicates a significant overall survival benefit for the radical resection of contrast-enhancing tumor (CET) compared with subtotal resection. 5, 17 Resection of CET is usually quantified by reporting the extent of resection (EOR) or residual tumor volume (RTV). Consequently, both EOR 6, 16, [24] [25] [26] 31, 36, 40 and RTV 6, 16 were found to be associated with patient survival, suggesting their roles as prognostic biomarkers. 10, 11, 25 This has likewise motivated the use of intraoperative 5-aminolevulinic acid fluorescence and electrophysiological mapping and/or intraoperative MRI-assisted surgery in many neurosurgical units in order to reach most radical resections. 8, 9, 33, 35, 38 The volumetric measurement of EOR and RTV can be obtained via the manual segmentation of the CET and the postoperative residual, respectively. Kubben et al. 23 studied the intrarater and interrater variability of EOR and RTV measurements in 8 patients across 3 different expert raters. They found high intrarater but low interrater agreement and suggested that computer-assisted methods may increase interrater agreement. Furthermore, manual segmentation is a time-consuming procedure; it can take up to 20 minutes per patient, 14, 39 and this considerably limits its usage in clinics. Kanaly et al. 20 proposed a semiautomatic threshold-based method that requires the user to outline the tumor region and a region of normal brain parenchyma in coregistered precontrast and postcontrast T1-weighted images. However, their study lacked a quantitative comparison between the estimates of the computer-assisted method and manual segmentation, which makes it difficult to judge the performance of the proposed method. Chow et al. 7 developed a semiautomatic segmentation method for the quantification of residual tumor burden and evaluated it in a cohort of 29 glioblastoma patients. They reported a 10-fold decrease in the segmentation time (from 9.7 minutes to < 1 minute). Moreover, they found volumetric estimates provide higher interrater agreement than unidimensional (Response Evaluation Criteria in Solid Tumors [RECIST] ) and bidimensional (Macdonald criteria) measures when used for tumor response assessment. 15 Cordova et al. 12 evaluated a semiautomatic segmentation method based on manual region of interest selection and fuzzy C-means clustering in 37 different patients. Similar to the study of Chow et al., Cordova et al. found good agreement between the volumes estimated by semiautomatic segmentation and the ground truth estimated by manual segmentation. Furthermore, they also observed a decrease in the segmentation time. Recently, a clinically oriented, fully automated segmentation tool for brain tumor image analysis (BraTumIA) was proposed. 3, 27, 29, 32 BraTumIA performs compartmentalization of the glioma into necrosis, edema, and nonenhancing and enhancing tumor sections and estimates the respective volumes within an average computation time of 5 minutes. The software was evaluated in 25 patients within a prospective clinical trial by Porz et al., 32 which showed good agreement with the volumetric ground truth estimated by manual segmentation.
In contrast to semiautomatic segmentation methods, fully automatic methods offer the advantage of reproducible and objective estimates of tumor volume. This is of great importance for longitudinal studies in glioma patients. 29 Consequently, we employ BraTumIA to estimate the EOR and RTV of CETs. We hypothesize that BraTu-mIA is able to generate estimates of EOR and RTV that are comparable to the estimates of human raters. Specifically, we aimed to evaluate 1) interrater variability between 4 raters for the available patient data in order to highlight the subjectivity of the task at hand, 2) if the EOR estimated by BraTumIA is comparable to the estimates of human raters, and 3) if the RTV estimated by BraTumIA is comparable to the estimates of human raters.
Methods

Study Population
Data on patients with newly diagnosed and histologically confirmed glioblastoma who were preoperatively admitted to our institution between October 2012 and July 2013 were extracted for the study at hand. Patients were included if the image acquisition was complete (i.e., all required MR sequences were obtained) and no previous cranial neurosurgery or biopsy was performed. The study was approved by the local research ethics commission (Kantonale Ethikkommission Bern). All patients provided written informed consent. From a total of 19 patients, 9 patients underwent subtotal extirpations or partial resection of the enhancing tumor (PRET), whereas 10 patients underwent complete resections of the enhancing tumor (CRET). All diagnoses were confirmed by histopathological analysis. A standardized MR protocol was performed on all patients. Manual and automatic segmentation were performed on the preoperative and immediately postoperative MRI studies obtained in all 19 patients. The raters were blinded to the outcome of surgery (i.e., the radiological reports) and performed segmentation of the immediate postoperative image subsequent to the preoperative image.
Mri Protocol
The MR images were acquired preoperatively and postoperatively (no later than 72 hours after resection) on two 1.5-T MR scanners from 1 vendor (Siemens Avanto and Siemens Aera). Every patient underwent a standardized MRI protocol, including: 1) precontrast 3D T1-weighted (T1w) multiplanar reconstruction (MPR) for sagittal acquisition with 1-mm isotropic resolution; 2) postcontrast 3D T1w MPR for sagittal acquisition with 1-mm isotropic resolution; 3) 3D T2-weighted (T2w) SPACE for sagittal acquisition with 1-mm isotropic resolution; and 4) FLAIR (2D turbo inversion recovery) for axial acquisition. The sequence parameters were: 1) for the precontrast 3D T1weighted MPR sequences, TE 2.67 msec, TR 1580 msec, FOV 256 × 256 mm 2 , and FA 8° with an isotropic voxel resolution of 1 × 1 × 1 mm; 2) for postcontrast T1-weighted imaging, TE 4.57 msec, TR 2070 msec, FOV 256 × 256 mm 2 , and FA 15° using isotropic 1 × 1 × 1-mm voxels; 3) for 3D-T2-weighted SPACE for sagittal acquisition, TE 380 msec, TR 3000 msec, FOV 256 × 256 mm 2 , and FA 120° using isotropic 1 × 1 × 1-mm voxels; and 4) for 2D FLAIR sequencing, TE 80 msec, TR 8000 msec, FOV 256 × 256 mm 2 , and FA 120° using a nonisotropic voxel size of 1 × 1 × 3 mm.
Manual Segmentation
Prior to manual segmentation, the different MR images were skull stripped 2 and coregistered on the postcontrast T1-weighted image using a rigid transformation. This procedure is part of the BraTumIA software and was performed to facilitate the comparison of automatically generated segmentations, which were obtained from the same coregistered images. The corresponding preoperative and postoperative MRI sequences obtained in all 19 patients were segmented by 4 human raters. Rater 1 is a neurosurgeon experienced (> 5 years) in brain tumor imaging, Rater 2 is a neuroradiologist with several years of experience (> 5 years) in brain tumor diagnostics, Rater 3 is an experienced (3 years) researcher in brain tumor image analysis, and Rater 4 is an medical master student who was previously trained in neuroimaging with more than 1 year of experience in the field (the numbering of the raters reflects their experience in descending order). All raters were counseled by a neuroradiologist with more than 15 years of experience in brain tumor imaging. The raters performed segmentation of the tumor into necrosis, edema, and contrast-enhancing and nonenhancing tumor sections and adhered to a predefined segmentation protocol 19 using a 3D slicer. The protocol was adapted for segmenting the immediate postoperative images in the following manner: 1) the necrotic core was not segmented as a subcompartment because it is removed during surgery; and 2) the coregistered T1-weighted and postcontrast T1weighted images were overlaid and used to differentiate the blood products from the enhancing tumor. The average time required to manually segment all tumor compartments (preoperatively and postoperatively) in a study patient was approximately 1 hour.
automated Segmentation
The automatic segmentation was performed using Bra-TumIA software (https://www.nitrc.org/projects/bra tu mia/). This software offers a completely integrated segmentation pipeline, where the user loads the original DI-COM images of the 4 relevant MRI modalities (T1-weighted, postcontrast T1-weighted, T2-weighted, and FLAIR images). Subsequently, the images are fully automatically processed, including skull stripping 2 and subsequent rigid coregistration to ensure voxel-to-voxel correspondence between the different MRI sequences. Based on the registered images, segmentation into unaffected tissue and tumor tissue, which encompass 4 different compartments (necrosis, edema, and enhancing and nonenhancing tumor sections), is performed using combined supervised classification and regularization. 3 The machine learning-based methodology relies on a voxel-wise feature extraction 27 followed by classification via a decision forest 4, 13 and final spatial regularization through conditional random field-based optimization. In contrast to the study of Porz et al., 32 BraTumIA was trained on an enlarged patient image set containing 36 preoperative images, 9 immediate postoperative images, and 9 follow-up images (acquired within 1-6 months after surgery). The intention was to make BraTumIA applicable to preoperative, immediate postoperative, and follow-up images, thus enabling the software to segment longitudinal imaging studies. 29
Statistical analysis
The statistical analysis was performed on the volumetric estimates of CET as defined by the different raters. Multiple differences between manual and automatic estimates of EOR and RTV were analyzed using the Kruskal-Wallis test. To assess interrater variability, Kendall's coefficient of concordance (W) was computed due to the possible nonnormality of the data at hand (a normal assumption of the data was rejected based on the results of the Shapiro-Wilk test; p < 0.001). The significance level was defined to be a = 0.05. To compare the difference in EOR and RTV between the estimates of 2 raters, we computed the approximate 95% confidence intervals (CIs) of the median using a paired, exact Wilcoxon signed-rank test (R package "exactRankTests"; a Bonferroni correction was applied for multiple comparisons). The confidence intervals are reported as a tuple (median [95% CI range]). Based on the study of Grabowski et al., 16 we defined thresholds for EOR (0.98) and RTV (2000 mm 3 ) that are relevant for patient survival. Estimates of the raters on different sides of the threshold are considered disagreements between the raters. The agreement between couples of raters with respect to these thresholds is reported as a percentage. The thresholds of Grabowski et al. were chosen since they measured a median RTV (1.2 cm 3 ) that was substantially closer to the median RTV (1.1 cm 3 ) of the study at hand than the alternative values of other studies. 6 The results of Patient 9 were excluded from the statistical analysis because BraTumIA yielded a negative estimation of EOR, which is not plausible (resulting in the data of 18 patients being analyzed). The cause of this misestimation is discussed in detail.
results interrater Variability in eOr and rtV
The measurements of EOR and RTV that were estimated by the 4 different raters are shown in Figs. 1 and 2, respectively. Postoperative segmentations of the different raters for 2 exemplary slices of Patient 5 are shown in Fig. 3 . The Kruskal-Wallis test did not detect a statistically significant difference among the measurements of the 4 raters for either EOR (p = 0.841) or RTV (p = 0.861). For all 4 raters, W = 0.775 (p < 0.001) for EOR, whereas W = 0.812 (p < 0.001) for RTV. For both EOR and RTV, the average agreement with respect to the survival-relevant threshold among all 4 raters was evaluated (i.e., the mean agreement for all 6 possible pairings of raters) and corresponds to 84.3% and 90.7%, respectively. In 5 of 18 patients, disagreement among the human raters occurred for EOR, but for RTV a disagreement occurred in 3 of 18 patients.
Comparison Between Manual and automatic eOr
Measurements of the preoperative CETs by BraTumIA were plotted and correlated against the estimates of all human raters, as shown in Fig. 4 . The median preoperative CET volumes were 12.68 cm 3 , 12.06 cm 3 , 14 cm 3 , 17.75 cm 3 , and 23.04 cm 3 for Raters 1 to 4 and BraTumIA. The resulting EOR measurements for BraTumIA, as well as for the human raters, for all 18 patients are shown in Fig.  1 . The Kruskal-Wallis test did not detect a statistically significant difference between the measurements of the human raters and BraTumIA (5 groups; p = 0.384). The agreement between all 5 raters in terms of Kendall's coefficient of concordance was W = 0.713 (p < 0.001). The approximate (Bonferroni-corrected) 95% CIs (median [95% CI range]) shown in Fig 
Comparison Between Manual and automatic rtV
The median RTVs of the patients with PRET were 1.106 cm 3 , 0.733 cm 3 , 1.071 cm 3 , 1.552 cm 3 , and 0.834 cm 3 for Raters 1 to 4 and BraTumIA. The median RTV of the patients with CRET was 0 cm 3 for the human raters.
BraTumIA estimated a median RTV of 0.564 cm 3 . The measurements of RTV by BraTumIA, as well as by the human raters, for all 18 patients are shown in Figure 2 . The Kruskal-Wallis test did not detect a statistically significant difference among the measurements of the human raters and BraTumIA (5 groups; p = 0.16). The agreement between all 5 raters in terms of Kendall's coefficient of concordance was W = 0.693 (p < 0.001). The approximate (Bonferroni-corrected) 95% CIs (median [95% CI range]) in cubic millimeters, as shown in Fig. 6 Fig. 7A . In addition, an example of incor- rectly labeled blood products (Patient 9) by BraTumIA is shown in Fig. 7B .
Discussion
Radiological assessment of the borders of resection and possible tumor residuals remains a challenge. The surrounding tissue is subjected to large deformations, and the presence of residual CET can be easily confounded with benign enhancements (e.g., the choroid plexus, early blood-brain barrier disruption along the rim of resection, and the presence of deoxyhemoglobin). Consequently, volumetric measurements of residual tumor burden are subject to large interrater variability. 23 The study at hand provides evidence for the potential use of a fully automatic segmentation method to perform volumetric analysis of a CET on immediate postoperative images.
To reduce confounders between the CET and nonspecific T1-weighted hyperintensity caused by blood products, we employed an MR acquisition protocol that required the postoperative images be obtained within 72 hours after surgery. 1 Differentiation between the residual tumor and other benign enhancements (e.g., the choroid plexus) was facilitated by the coregistration of the unenhanced T1weighted and gadolinium-enhanced T1-weighted MR sequences via the BraTumIA software.
BraTumIA is a fully automatic, machine learningbased segmentation method capable of performing compartmentalization of a glioblastoma into necrosis, edema, and enhancing and nonenhancing tumor sections. We decided to employ BraTumIA for the following reasons. First, considerable evidence about the capability of BraTumIA to segment preoperative high-grade glioma was generated recently. BraTumIA's performance was compared against other fully automated methods in the Medical Image Computing and Computer-Assisted Intervention Brain Tumor Segmentation (MICCAI BRATS) challenges, 30 where it showed competitive performance as well as superiority in terms of computational running time (average runtime 5 minutes). Moreover, BraTumIA was evaluated prospectively for the purpose of performing preoperative segmentation on a clinical data set 32 that included 25 patients. The automatically generated segmentations of CET showed good agreement (in terms of the Dice coefficient) with the corresponding manual ground truth. In a recent study by Rios Velazquez et al., 34 the results were confirmed on an independent data set. Moreover, the preoperative volumetric estimates of BraTumIA for CET were found to be significantly associated with overall and 1-year survival. Second, BraTumIA has been made publicly available (https:// www.nitrc.org/projects/bratumia/) and is equipped with a graphical user interface. This facilitates its use by other researchers and thus allows for independent reevaluation of the tool on different data sets.
The first aim of our study was to illustrate the subjectivity of manually assessing residual tumor burden. In Figs. 1  and 2 , considerable interrater variability can be observed in the measurements of partial resections. This variability is even more emphasized for EOR, which also incorporates the estimate of the preoperative volume of CET. The additional preoperative measurement required for the calculation of EOR is also an additional source of measurement error and could explain the reduced interrater agreement for EOR (W = 0.775) when compared with RTV (W = 0.812). Figure 3 shows that the amount of intervariability is also visually apparent and can vary from slice to slice. Consequently, such interrater variability likely renders any association to clinical end points (e.g., the response to therapy or overall survival) problematic (as previously reported by Kubben et al. 23 ). Interrater variability can be caused by differing educational backgrounds among raters. However, in this study, measures for normalizing the different backgrounds of the raters were taken into account in advance; 3 of the 4 raters were educated at the same clinical education program and all 4 raters were counseled by the same senior neuroradiologist (who has > 15 years of experience). A further cause of the interrater variability in the study at hand could also be the different levels of experience of the raters. Grabowski et al. 16 observed considerable variability between the measurements of residual contrast-enhancing volumes when raters have different levels of experience. They employed a quantitative, semiautomatic segmentation method (Brainlab's prototype iPlan software) to generate the volumetric information. The remaining variability between the different raters is due to the manual interaction, and thus Grabowski et al. suggest using fully automated methods in future studies in order to further standardize measurements. In a recent study by Huber et al., 18 the same semiautomatic segmentation was used by raters with varying levels of experience to segment the preoperative and postoperative follow-up MRI data of 5 patients. Despite the different levels of expertise, they found high interrater agreement. However, their study did not include the segmentation of immediate postoperative images, and thus their findings cannot be compared with our findings or with the observations by Grabowski et al.
The 2 remaining aims of the study at hand were to perform a comparison of automatic and manual estimates of EOR and RTV. In Fig. 4 , one can see that BraTumIA showed a general tendency toward the overestimation of preoperative volume. For a given RTV, this results in the overestimation of the EOR (e.g., Patients 8 and 11). In general, the estimates of BraTumIA tended to underestimate EOR when compared with the estimates of the human raters. This tendency can be seen in Fig. 5 , where all estimated median differences in EOR between BraTumIA and manual measurements are negative. In the context of the survival-relevant threshold, this led to more disagreements with the human raters and explains the lower percentage of agreement between the (binarized) estimates of BraTumIA and the estimates of the human raters when compared with agreement among the human raters themselves. The analysis of the paired differences showed that the confidence interval between BraTumIA and each of the human raters is about equal or smaller in size than the confidence intervals for human raters. This suggests that the volumetric estimates of EOR by BraTumIA were, in general, located either close to or between the estimates of the human raters. The tendency of BraTumIA to overestimate the volume of a CET also applies to the postoperative situation. For RTV, an overestimation by BraTumIA compared with all human raters occurred in 9 of 18 patients. Seven of these 9 patients had CRET. For these cases (e.g., Patient 3), BraTumIA incorrectly identified benign enhancements as CET and thus shows that the software is overly sensitive in predicting the presence of a residual tumor (thereby causing the previously mentioned underestimation of EOR). However, the observed disagreement with respect to the survival-relevant threshold is less severe than in the case of EOR. This is also reflected in the percentage agreement between BraTumIA and the human raters that is closer to the agreement between the human raters themselves. In Fig. 6 , the confidence intervals of the paired differences in RTV show a similar situation as EOR. Although no statistically significant differences were detected, Raters 1, 2, and 4 clearly segmented the residual enhancing tumor more conservatively than BraTumIA and Rater 3, leading to confidence intervals that barely include the zero line. This is also visible in Fig. 7A , where Patient 17's tumor infiltration of the choroid plexus led to differing segmentation results. For Patient 9, BraTumIA strongly overestimated RTV, which led to a negative EOR. Since a negative EOR is not plausible, we excluded this patient from the statistical analysis. After visual inspection (Fig. 7B) , we can conclude that Patient 9 exhibited a large presence of blood products, which was wrongly identified by BraTumIA as a CET. In fact, the hemorrhage in Patient 9 was significantly larger than in any other patient and altered the image intensity of the resection cavity and confounded the appearance of the tumoral tissue. In general, we identified the tendency to overestimate the volume of a CET to be the main weakness of BraTumIA. This tendency can be linked to the algorithmic core of BraTumIA. The final segmentation of Bra-TumIA is obtained by optimization of the energy function of a pairwise conditional random field. Segmentations obtained from pairwise conditional random fields suffer from short-boundary bias, leading to overestimation of the true object size. Modifications 21,22 that would neutralize this bias have been proposed and are currently being investigated by us (along with complementary approaches 28 ) because they would likely increase the agreement of BraTumIA's estimates with the estimates of the human raters.
This study has 2 limitations. First, only segmentation of CETs was analyzed. Compared with manual segmentation of a CET, segmentation of a nonenhancing tumor on immediate postoperative images is even more challenging. Furthermore, we lacked histologically confirmed ground truth data for the postoperative images. Therefore, we limited our analysis to the morphologically most discriminative tumor compartment (i.e., the CET). Second, the moderate number of samples (n = 19) prevented us from studying the association of the volumetric estimates of BraTumIA with patient survival. Future studies using larger patient cohorts should certainly investigate this aspect.
Conclusions
In the light of the fact that the residual tumor burden appears to be the only prognostic factor that can be actively influenced by the clinician, an objective and reproducible way of quantifying it is of the outmost importance. Our results suggest that BraTumIA, though in general being overly sensitive, can automatically yield estimates of EOR and RTV that are comparable to the estimates of expert raters. 
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